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HIGHLIGHTS 


•  Nonhygroscopic  and  chemically  stable  selenide  is  introduced  into  Li2S— P2S5. 

•  A  high  ionic  conductivity  1.5  x  10  3  S  cm  1  at  room  temperature  is  achieved. 

•  The  obtained  solid  electrolyte  has  a  wide  electrochemical  window  over  6.5  V. 

•  Double  substitution  effect  results  in  the  high  lithium  ion  conductivity. 
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Nonhygroscopic  selenide  of  Ge0.35Ga0.05Se0.60  was  introduced  into  the  L^S— P2S5  system  by  partially 
substituting  P2S5  to  form  a  new  lithium  ion  solid  electrolyte.  And  the  electrochemical  property  of  the  as- 
prepared  solid  electrolyte  was  systematically  studied.  The  optimal  sample  achieved  a  wide  electro¬ 
chemical  window  over  6.5  V  and  fairly  high  Li-ion  conductivity  of  1.5  x  10-3  S  cm-1  at  ambient 
temperature.  And  it  is  also  verified  that  the  studied  electrolyte  was  much  stable  when  contacts  with 
lithium  metal  at  100  °C  for  4  h.  This  new  finding  may  provide  an  electrolyte  material  for  developing  all- 
solid-state  lithium  batteries. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  solid  electrolytes  (LiSEs)  have  been  attracting  extensive 
attention  in  the  research  and  application  of  lithium  ion  secondary 
batteries  during  recent  decades.  The  intrinsic  advantages  include 
high  thermal  stability,  absence  of  leakage  or  pollution,  resistance  to 
shock  or  vibration,  and  wide  electrochemical  window  [1—4].  Many 
oxides  and  sulfides  have  been  investigated  as  LiSEs,  and  some 
exhibit  fairly  good  properties  [4-9].  The  glassy  sulfide  system  of 
U2S-P2S5  exhibits  high  ion  conductivity  over  10-4  S  cm-1  at  room 
temperature  and  has  become  an  important  electrolyte  system  [9- 
12].  However,  much  higher  ion  conductivity  is  still  in  great  de¬ 
mand  for  all-solid-state  batteries,  furthermore  the  hygroscopic 
feature  of  P2S5  brings  much  inconvenience  for  the  practical 
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application.  The  LiioGeP2Si2  (LGPS)  superionic  conductor  (the  ion 
conductivity:  10-2  S  cm-1  [5])  faces  the  same  hygroscopic  problem. 

Compared  with  oxides  and  sulfides,  selenide-containing  com¬ 
pounds  possess  several  potential  advantages  as  LiSEs:  (1)  the  larger 
ion  radius  of  Se2_  indicates  bigger  channels  for  Li+  transfer,  (2)  the 
less  electronegativity  of  Se  implies  a  weaker  attractive  force  between 
Li+  and  the  frame  structure,  and  (3)  the  higher  polarizability  of  Se2- 
will  further  facilitate  the  mobility  of  Li+.  However,  the  worries  about 
the  instability  in  contact  with  lithium  and  the  predicated  relatively 
narrow  electrochemical  window  prevent  researchers  investigating 
the  feasibility  of  using  them  as  LiSEs.  Only  a  few  selenide-containing 
compounds  were  reported  as  LiSEs  [13-15].  Although  the  lithium 
ion  conductivities  of  the  sulfides  were  increased  after  S2_  replaced 
by  Se2-,  they  were  still  in  the  same  order  of  magnitude.  So  the 
replacement  of  S2_  by  Se2-  has  not  been  considered  be  a  good  so¬ 
lution  to  enhance  the  lithium  ion  conductivity. 

Here,  the  nonhygroscopic  and  chemically  stable  Ge0.35Ga0.05Se0.60 
[16]  was  selected  to  introduce  into  the  hygroscopic  sulfides.  We 
partially  substituted  P2S5  with  Ge0.35Ga0.05Se0.60  in  U2S-P2S5  system 
to  prepare  a  selenide-containing  LiSE.  As  a  control  experiment, 


Z.  Liu  et  al.  /  Journal  of  Power  Sources  260  (2014)  264-267 


265 


partial  substitution  of  P2S5  with  Ge0.35Ga0.05S0.60  in  U2S-P2S5  system 
was  also  conducted  to  elucidate  the  effect  of  selenium. 

2.  Experimental 

U2S  was  prepared  by  the  reaction  of  lithium  and  sulfur  in  liquid 
ammonia.  P2S5  and  Ge0.35Ga0.05Q0.60  (Q=  S,  Se)  were  synthesized 
by  sintering  the  stoichiometric  elements  in  evacuated  sealed  silica 
tubes  for  24  h  at  650  °C  and  950  °C,  respectively.  The  raw  materials 
were  well  mixed  according  to  the  stoichiometric  of  O.5U2S— XP2S5— 
(1  -  x)Geo.35Gao.o5Qo.60  (x  =  0.1,  0.3,  0.5,  0.7,  0.9),  and  calcined  at 
750  °C  for  10  h  in  evacuated  silica  tubes.  Consequently,  the  tubes 
were  quenched  in  cold  water.  The  as-prepared  sample  with  the 
highest  ionic  conductivity  was  selected  and  mechanically  milled  in 
a  high-energy  ball  miller  (SPEX  CertiPrep  8000  Mixer/Mill)  to 
further  improve  its  ion  conductivity  property. 

X-ray  diffraction  measurements  were  performed  using  a 
diffractometer  (Rigaku  D/Max-2550  V,  40  kV,  40  mA,  Cu  Ka, 
X  =  1.5406  A)  to  identify  the  crystal  phases. 

For  ionic  conductivity  measurement,  each  powder  sample  was 
cold-pressed  into  a  (f>10  x  1  mm  pellet  and  both  sides  of  the  pellet 
were  attached  with  indium  plates  as  current  collectors.  Then  the 
measurement  was  conducted  in  a  dry  argon  flow  by  complex 
impedance  on  an  impedance  analyzer  (Chenhua  660C)  in  the  fre¬ 
quency  range  of  0.1  Hz  and  0.1  MHz  over  the  temperature  range 
from  30  °C  to  150  °C. 

DC  polarization  measurements  were  carried  out  to  determine 
the  electronic  conductivity.  Indium  foils  were  used  as  blocking 
electrodes  and  lithium  plates  as  unblocking  electrodes.  Time 
dependence  of  the  electrical  currents  was  measured  under  a  con¬ 
stant  voltage  of  1  V  for  1000  s. 

In  order  to  determine  the  chemical  stability  of  the  electrolyte  in 
contact  with  lithium  metal,  DC  polarization  measurements  on  the 
heat-treated  samples  (100  °C  x  4  h)  were  also  carried  out. 

Cyclic  voltammogram  (CV)  of  the  asymmetric  Li/sample/Pt  cell 
was  also  performed  on  Chenhua  660C  to  evaluate  the  electro¬ 
chemical  stability  of  the  electrolytes.  Li  and  Pt  were  used  as  the 
reference/counter  and  working  electrodes,  respectively.  The  scan  rate 
was  1  mV  s-1  and  the  scan  range  was  from  -0.4  to  +6.5  V  vs.  Li+/Li. 

3.  Results  and  discussion 


Fig.  1  shows  the  composition  dependence  of  ionic  conductivities 
at  30  °C  (c>3o°c)  and  the  activation  energies  (Ea)  of  0.5Li2S-xP2Ss- 


A'  in  O.SL^S-fl-A^S^-AGeQ  O5;£?0#6() 

Fig.  1.  Variation  of  a30°c  and  Ea  as  the  function  of  x  in  0.5Li2S-xP2S5-(l  -  x) 
Ge0.35Ga0.05Q0.60  (Q  =  S,  Se). 


(1  -  x)Geo.35Gao.o5Qo.60  (Q=  S,  Se).  The  replacing  of  P2S5  with  either 
Ge0.35Ga0.05S0.60  or  Geo.35Gao.05Seo.60  when  x  <  0.5  steadily  in¬ 
creases  the  lithium  ion  conductivity,  while  further  substitution 
(x  >  0.5)  gradually  decreases  the  conductivity  of  the  system.  And 
the  ionic  conductivity  of  the  sample  introduced  with  Geo.35 
Ga0.05Se0.60  is  about  one  order  of  magnitude  higher  than  that 
introduced  with  the  same  amount  of  Ge0.35Ga0.05S0.60.  This  directly 
demonstrates  that  Se2-  is  more  advantageous  for  lithium  ion 
conducting  than  S2~. 

The  comparison  of  ionic  conductivities  difference  between 
LiioGeP2Si2  [5]  and  Lii0GeP2Sei2  [5,15],  or  between  Li4SnS4  [17]  and 
Li4SnSe4  14]  has  indicated  that  the  crystal  structure  of  Lii0GeP2Si2 
or  Li4SnS4  has  an  “ideal”  diffusion  channel  for  Li+  transport. 
Consequently,  the  substitution  of  S  by  Se  in  Lii0GeP2Si2  slightly 
enhanced  the  lithium  ion  conductivity  from  1.3  x  10  2  S  cm-1  to 
2.4  x  10-2  S  cm-1.  The  lithium  ion  conductivity  of  amorphous  L^S— 
P2S5  was  also  only  increased  from  2.4  x  10-4  S  cm-1  to 
6.0  x  10  4  S  cm-1  with  P2S5  slightly  substituted  by  P2Se5  [13].  With 
increasing  the  content  of  P2Se5  higher  than  8%,  the  conductivity 
decreased  reversely.  In  our  investigated  system  of  0.5Li2S-xP2Ss— 
(1  -  x)Geo.35Gao.o5Seom  crystalline  nanoparticles  of  0.5Li2S-xP2Ss 
are  covered  by  amorphous  glass  Ge0.35Ga0.05Se0.60-  At  the  interface 
between  0.5Li2S-xP2S5  and  Ge0.35Ga0.05Se0.60,  double  substitution 
effect  exists,  which  means  partial  substitutions  of  Se  at  the  S  sites 
and  Ge  at  the  P  sites  can  be  formed  during  annealing.  Thus  the 
interface  area  is  much  suitable  for  lithium  ion  to  transfer  and  the 
enhancement  of  lithium  ion  conductivity  of  the  sample  can  be 
achieved. 

The  sample  with  the  highest  lithium  ion  conductivity,  0.5Li2S— 
0.5P2S5-0.5Geo.35Gao.o5Seo.60,  was  selected  for  further  high-energy 
ball  milling  for  0, 4  and  12  h,  respectively.  The  as-prepared  samples 
were  labeled  as  Sample  1,  Sample  2  and  Sample  3,  respectively.  The 
XRD  patterns  of  the  above  three  samples  are  shown  in  Fig.  2.  Halo 
patterns  can  be  observed,  indicating  the  primary  presence  of 
amorphous  phases.  Sample  1  is  one  of  the  typical  quenched  sample 
without  further  milling  treatment.  The  quenching  process  was  only 
conducted  by  dropping  the  samples  into  cold  water  after  taking  out 
at  the  temperature  of  750  °C.  With  this  kind  of  process,  the  samples 
were  not  thoroughly  quenched.  Then  the  quenched  samples  should 
be  in  the  form  of  glass-ceramic  state. 

Kanno  and  Murayama  8]  have  reported  that  the  sulfide  lithium 
superionic  conductor  (thio-LISICON)  Li4_xGei_xPxS4  can  be  divided 
into  three  composition  regions:  Region  I  (0  <  x  <  0.6),  II 
(0.6  <  x  <  0.8),  and  III  (0.8  <  x  <  1.0),  and  the  highest  ionic  con¬ 
ductivity  was  observed  in  Region  II.  The  XRD  pattern  of  Sample  1 
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Fig.  2.  XRD  patterns  of  Sample  1,  Sample  2  and  Sample  3. 
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(without  milling)  is  similar  to  that  of  the  thio-LISICON  phase  in  the 
region  III  (thio-LISICON  III).  While  the  patterns  of  Sample  2  and 
Sample  3  (ball-milled)  are  similar  to  that  of  the  thio-LISICON  phase 
in  the  region  II  (thio-LISICON  II).  It  indicates  that  highly  conductive 
thio-LISICON  phase  was  formed,  and  a  phase  transition  from  thio- 
LISICON  III  analog  to  thio-LISICON  II  analog  was  induced  by  the 
high-energy  ball-milling.  It  can  be  inferred  from  the  results  that  the 
substitution  of  Ge  at  the  P  sites  were  still  inefficient  at  the  interface 
between  0.5Li2S-xP2S5  and  Ge0.35Ga0.05Se0.60  at  conditions  of 
750  °C  for  10  h.  After  further  milling  treatment,  the  substitution 
was  increased  with  Ge  diffusing  from  the  matrix  to  the  interface  to 
replace  P  and  consequently  the  high  Ge  containing  phase  thio- 
LISICON  II  was  formed.  It  should  be  mentioned  that  the  Li2S  con¬ 
tent  in  Li2S-P2S5  of  sample  3  is  50  mol%,  which  is  much  lower  than 
75  mol%  as  reported  in  Ref.  8].  In  our  studied  system,  we  think 
some  amount  of  P2Ss  was  not  reacted  with  Li2S,  and  as  a  glass 
network  former,  the  rest  P2Ss  still  kept  in  glass  state  in  sample  3. 
This  is  why  trace  of  Li2S  can  be  detected  in  the  XRD  diffraction 
patterns  in  Ref.  [10]  but  ours  are  not. 

The  ionic  conductivity  of  Sample  1,  Sample  2  and  Sample  3  as 
the  function  of  reciprocal  absolute  temperature  is  shown  in  Fig.  3. 
Values  of  c>3o°c  =  2.9  x  10  4  S  cm  1  and  Ea  =  0.39  eV  (the  inset  of 
Fig.  3)  are  observed  for  Sample  1  (without  milling).  After  4  h  high- 
energy  ball-milling  (Sample  2),  a  phase  transition  from  thio- 
LISICON  III  analog  to  thio-LISICON  II  analog  was  observed,  and 
simultaneously,  an  increment  of  more  than  three  times  in  ionic 
conductivity  to  9.3  x  10-4  S  cm-1  and  a  reduction  in  activation 
energy  to  0.35  eV  were  achieved.  The  substantial  improvement 
after  the  ball-milling  is  mainly  ascribed  to  the  formation  of  better- 
performance  thio-LISICON  II  phase.  The  reduction  of  particle  size 
caused  by  high-energy  ball-milling  should  be  the  other  reason. 
With  further  milling  for  12  h  (Sample  3),  the  thio-LISICON  II  phase 
kept  unchanged  and  its  particle  size  was  further  reduced.  Solid 
electrolyte  with  smaller  particle  size  is  favorable  of  having  higher 
density  and  good  contact  with  electrode.  An  extremely  high  ionic 
conductivity  of  1.5  x  10-3  S  cm-1  was  achieved,  which  is  compa¬ 
rable  to  that  of  the  most  excellent  LiSEs  [8-12].  Furthermore,  the 
hydrolyzation  of  the  as-prepared  sample  should  be  effectively 
suppressed  due  to  the  nonhygroscopic  property  of  the  introduced 
Geo.35Gso.05Seo.60  glass  [16]. 

Fig.  4  shows  the  results  of  DC  polarization  measurement  of 
Sample  3.  When  lithium  plates  were  used  as  unblocking  elec¬ 
trodes,  an  almost  constant  current  of  1.3  x  10~2  A  was  observed, 
and  the  DC  conductivity  was  calculated  to  be  1.6  x  10~3  S  cm-1. 
When  using  indium  as  blocking  electrodes,  the  DC  current  initially 


Fig.  4.  Time  dependence  of  currents  for  Sample  3  using  blocking  electrode  and 
unblocking  electrode,  respectively.  The  insert  shows  the  local  magnification  when 
using  unblocking  electrode. 

decreased  sharply  due  to  the  polarization  [18,19]  and  then  stabi¬ 
lized  at  2.4  x  10-7  A  after  400  s.  The  DC  conductivity  was  calcu¬ 
lated  to  be  2.3  x  10  8  S  cm-1,  nearly  four  orders  of  magnitude 
lower  than  the  value  obtained  by  using  lithium  unblocking  elec¬ 
trodes.  Therefore,  it  can  be  concluded  that  the  lithium  ion  transfer 
number  is  higher  than  0.9999  and  the  electronic  conduction  at 
total  conductivity  in  this  selenide-containing  electrolyte  is  almost 
negligible. 

As  locating  below  O  and  S  in  VIA  group,  selenides  have  higher 
valence  band  and  narrower  band  gap  than  oxides  and  sulfides.  Thus 
many  researchers  worry  about  that  selenides  might  have  narrow 
electrochemical  window  and  low  chemical  stability  against  lithium 
metal.  The  electrochemical  window  and  the  chemical  stability 
against  lithium  metal  were  not  mentioned  in  all  the  former  liter¬ 
ature  [13—15,20,21].  The  experiment  data  show,  however,  the  DC 
polarization  curves  are  close  to  each  other  before  and  after  heat 
treatment.  They  lie  within  the  same  order  of  magnitude  and  almost 
overlap  after  800  s,  indicating  that  almost  no  reaction  occurred  at 
the  interface  between  the  Sample  and  the  lithium  plates  (Fig.  4).  By 
zooming  the  initial  parts  of  the  two  curves  (inset  of  Fig.  4),  it  is 
found  that  the  curve  after  heat  treatment  is  more  flat,  implying  the 
better  cyclability  of  the  sample.  In  view  of  the  electrical  conduc¬ 
tivity  of  Ge0.35Ga0.05Se0.60,  it  is  in  the  color  of  brown,  which  means 
it  has  a  wide  band  gap  and  its  electrical  conductivity  should  be  very 


Fig.  3.  Reciprocal  temperature  dependence  of  conductivities  for  Sample  1,  Sample  2 
and  Sample  3.  The  inset  depicts  the  a30°c  and  Ea  as  the  function  of  the  milling  time. 
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low.  To  verify  this,  DC  polarization  measurement  was  carried  out  on 
the  amorphous  Ge0.35Ga0.05Se0.60  sample  and  its  DC  conductivity 
was  calculated  to  be  around  10-11  S  cm-1,  which  is  also  almost 
negligible. 

As  shown  in  Fig.  5,  the  electrochemical  stability  of  Sample  3  was 
characterized  by  cyclic  voltammogram.  No  significant  current 
peaks  were  observed  within  the  whole  scan  range,  except  for  that 
due  to  cathodic  and  anodic  lithium  deposition/dissolution  re¬ 
actions  near  0  V  vs.  Li+/Li.  So  the  as-prepared  glass-ceramic  sample 
was  stable  up  to  a  wide  electrochemical  window  6.5  V,  which  is 
much  higher  than  4.5  V  of  the  traditional  liquid  electrolyte. 

4.  Conclusions 

A  strategy  was  successfully  designed  to  introduce  nonhygro- 
scopic  Ge0.35Ga0.05Q0.60  (Q  =  S,  Se)  into  the  U2S-XP2S5  system  by 
partially  substituting  the  hygroscopic  P2S5  for  the  first  time.  The 
double  substitution  effect,  partial  substitution  of  Se  at  the  S  sites 
and  Ge  at  the  P  sites,  exists  at  the  interface  between  O.5U2S-XP2S5 
and  Geo.35Gao.05Seo.60  enhanced  the  lithium  ion  conductivity  of  the 
sample.  The  electrolyte  of  0.5Li2S-0.5P2S5-0.5Geo.35Gao.o5Seo.60 
has  an  extremely  high  ionic  conductivity  of  1.5  x  10-3  S  cm-1  with 
negligible  electronic  conductivity  and  wide  electrochemical  win¬ 
dow  over  6.5  V.  The  excellent  overall  properties  indicate  that 
selenide-containing  compounds  can  be  promising  candidates  for 
high-performance  LiSEs. 
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